Abstract: Based on the study of laser diode self-mixing interference effects, a simple damping microvibration measuring method that can accurately obtain the damping factor is presented. The damping factor is solved by recording the period and counting the fringe number of the self-mixing signal. The damping factor of 0.0483 s À1 with a standard deviation of 0.0013 and the coefficient of variation of 2.69% was experimentally achieved. Theoretical simulation of the feedback strength on the measuring accuracy shows that the measuring method of the damping factor has high accuracy in the case of weak feedback.
Introduction
Vibration phenomenon plays an important role in nature and engineering. Study of the vibration is helpful to discover and solve problem in the processing of industrial engineering product. However, the damping is a nonnegligible element in the mechanical world, and it is a fundamental parameter of structural vibration analysis, which can reflect the properties of material. Therefore, not only in engineering application but also in material analysis, it is necessary to determine the actual damping factor through various methods. Wojtowicki et al. [1] applied a free-free beam (composite cantilever Oberst beam) to the measurement of the damping properties of material. Ouis [2] presented a measurement of damping in solid materials by means of a room acoustical technique. Cai et al. [3] reported a technique that can measure the damping properties of material based on an electromagnetic shaker. However, test systems of these methods are very complex structures. Meanwhile, in traditional measurements of vibrations, devices are limited by having association with the target object, such as accelerometers or strength gauges. The reason is that these devices often changes the displacements and frequency characteristics of the test object and are inconveniently used in a hostile environment. In past several decades, along with the development of optical techniques in measuring field, the laser techniques, with the characters of high spatial resolution, rapid responses and antielectromagnetic interference, has attracted considerable attention. Particularly in some hightemperature or high-pressure conditions, noncontact optical measurement has its incomparable advantage.
In this paper, we present a simple damping microvibration measuring method using a laser diode (LD) self-mixing interferometry (SMI) [4] . In past several decades, the applications of the SMI have been popularized in many fields, including absolute distance [5] , [6] , velocity [7] or flow speed [8] , [9] , vibration [10] - [12] , and some laser parameters [13] . Compared with other traditional interference like the Michelson interference, the advantages of SMI are its low cost and compactness, merely needing a laser and a photodiode (PD). The optic path is very simple and self-aligning that does not require a reference path. In next sections, through the theoretical simulation and experiment, we will give the details about this method and prove its feasibility that can measure the damping factor with relatively high accuracy.
Method for Damping Vibration Measurement

Theory of the Self-Mixing Interference
As we all know, when the light reflected or back-scattered by the external target reenters the laser cavity, the frequency and power of emitting light will be modulated. Although the frequency modulation is difficult to detect because of the quite high optical frequency, the change of optical power can be easily available by observing the current detected by the PD, which is packaged in the LD. The self-mixing interference effect has been studied deeply and described by [14] , [15] , and based on an analytical steady-state solution, the emitted power P is often expressed as
The laser phase is subject to the feedback given by the phase equation
In the equation (1) and (2), P 0 is the laser power without optical feedback and m is the modulation index. 0 is the optical phase of the external path in the absence of feedback, given by 0 ¼ 2kL ¼ 4L= with k being the wave vector, being the wavelength and L being the variation of distance from the LD to the target. is the optical phase with feedback. F ðÞ is a periodic function whose shape depends on the feedback strength parameter C [16] , which, in turn, depends on laser parameters, mismatch coefficient, target distance, and laser cavity length. When the system stays in weak feedback regime, F ðÞ is a cosine function, like expected in a normal interferometer. In our design, in order to reduce the error caused by phase shift that is analyzed in the discussion section, we would only stay in the very weak self-mixing regime ðC ) 1Þ in the experiment.
Simulation and Signal Processing
According to the theory of damping vibration [17] , we can get the equation of motion of the system. It can be written as
where f ðt Þ is the stimulating force, Lðt Þ is the displacement of vibration, S, D and M are stiffness, damping and inertia operators, respectively. They are homogeneous differential operators with order depending on the characteristics of the vibration. In a single degree-of-freedom (SDOF) system, when the stimulating force f ðtÞ is removed, the equation of motion of the system can be written as
where is the damping factor, ! 0 is the natural angular frequency, t is the time variable. In most instances 0 G G ! 0 , the system forms a natural damping vibration and can be solved as
where A 0 is the initial amplitude, ! is the angular frequency with damping, and ' is the initial phase.
In our design, assuming that the displacement of target ðLðt ÞÞ matches with equation (5). In the simulation, we set A 0 ¼ 1 m, ! ¼ 400 rad/s, ¼ 25 s À1 , ¼ 650 nm and use equation (1), (2) to generate a set of artificial self-mixing signal (SMS) samples ( Fig. 1(a) ). The black curve is the displacement of damping vibration and the blue curve is the corresponding simulated SMS. In the same period, SMS can be seen that the number of the fringes decreases over time. Each fringe corresponds to =2 change of displacement or 2 phase change of SMS.
Assuming that we obtain the actual measured signals like Fig. 1(b) , the region we randomly zoom in Fig. 1(a) . Now we will give the details for how to calculate the damping factor. There are some characteristic points marked by R ðR 0 ; R 1 ; R 2 Á Á ÁÞ in SMS. These points are called reverse points which indicate the position where the target changes its movement direction. The corresponding time points are marked by t ðt 0 ; t 1 ; t 2 Á Á ÁÞ. According to the period of vibrations, the time interval between two arbitrary adjacent reverse points is the semiperiod (T/2). Therefore, the computed frequency can be expressed asf
Of course, by taking Fourier transform of SMS, the frequency can be also obtained easily in frequency domain. After locating these reverse points, the corresponding estimated displacement of target L 0 ðtÞ in Fig. 1(b) is set as
Calculating the displacement ðL 1 ; L 2 Þ between every two points where the target changes its movement direction. Then we have
The accurate damping factor measuring method mainly depends on locating accuracy for those characteristic points as mentioned above and the displacement in one period or semiperiod in SMS. 
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As is mentioned, in typical SMI system, each fringe corresponds to =2 change of displacement or 2 phase change of SMS. When N fringes appear for each semiperiod of the signal (fringe segment), the displacement is usually calculated as L ¼ N=2 with the error =2. In actual SMS, the W-shaped or M-shaped waveform is often observed when the real displacement is bigger than N=2 and smaller than ðN þ 1Þ=2. These waveforms are also caused by the different initial phase. Therefore, the displacement between two reverse points should be amended as
N is the number of entire fringes and N 0 is the number of incomplete fringes. Hence, combining with equation (9), (10), we can obtain the simplified equation at the moment t 0
As mentioned above, the actual incomplete fringes will vary to the M-shape or W-shape depending on the initial phase and the measured amplitude. When C ( 1, considering the range of anticosine is from 0 to and a fringe is equal to 2 phase shift, we can calculate the ratio of incomplete fringes to a full fringe (W-shaped is less than half fringe: À arccosðG R Þ or M-shaped is more than half fringe: þ arccosðG R Þ), hence, the parts of the number of incomplete fringes in reverse segment are approximatively given by
where G R is the normalized value of reverse point R marked as in Fig. 1(b) . According to equation (11) and (12) the damping factor can be solved though the parameter T and N which can be obtained from the SMS by signal processing. For the verification in the simulation (Fig. 1) , the calculated average ¼ 25:02 is very close to the initial set.
Experiment and Results
The experimental setup is shown in Fig. 2 . An LD (LD FU650AD5_C9N) is used as the light source, emitting up to 5 mW at 650 nm on a single longitudinal mode, fed by a constant current supply. The damping vibration source is placed at a distance of 20 cm from the laser. Variable attenuator is set to keep the weak feedback. A power-monitor PD packaged in the LD detects the changes of laser power and transforms light power into current, which will be amplified by a transimpedance amplifier and acquired by a computer via a DAQ card (ISDS205A). In the experiment, when the target object started damping vibration freely, the SMS of the whole process was recorded by the DAQ card, shown in Fig. 3 . At different moments in a damping vibration, Graph (a)-(d) in Fig. 3 were the typical signals (started time corresponding points at 11.020 s, 15.021 s, 23.022 s, 38.021 s, respectively) that obviously showed the amplitude of the target were decreasing (the rough number of fringe from 10, 8, 6 to 3) over time due to the existence of the damping property. The corresponding frequency spectra are shown in Fig. 4 . It can be seen Fig. 3(a)-(d) .
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In the experiments, the amplitude of vibration attenuated slowly on account of the small damping factor. Therefore, in an image of SMS, it was hard to distinguish the change of the number of fringe between two adjacent periods. From the above theoretical analysis, damping factor depends on the ratio of the number of fringe between two time points, (12) could be fixed by
whereT is the enlarged interval between two images of SMS. N is the total number of fringe including incomplete fringes. Therefore, a SMS during 40 s was recorded for calculating the damping factor at different moments. Fig. 5 illustrates the number of fringe and the calculated damping factor value by sampling the SMS every second. Obviously, the number of the fringes decreased with the time increasing. The damping factor was 0.0483 s À1 with a small fluctuation. Its standard deviation was 0.0013 and the coefficient of variation was 2.69%.
Discussion
In Section 2.2, we set the feedback strength C very small. In fact, the feedback strength will affect the G R and then cause the error of damping factor. As is well known, feedback strength is a significant parameter in laser self-mixing interference, which discriminates the different feedback regimes and changes the shape of SMS. According to equation (2) , assuming the vibration of target L is sinusoidal for example, Fig. 6 presents simulation results for the two phases ( and 0 ) at different feedback strength C. As can be seen from Fig. 6 , larger C will lead to larger phase shift between and 0 . The phase could be regarded as 0 merely when C is very small. Therefore, we should set the feedback strength C far less than 1 in order to decrease the error. To gain insight into the influence of C, we generated groups of SMS under different C and . It is no doubt that larger leads to the faster attenuation time of vibration. We set appropriate time interval to calculate the damping factor in different group of SMS by the method mentioned above. The results including average damping factor (Avg.), standard deviation (SD) and coefficient of variation (C.V) are shown in Table 1 . The definition of C.V is
which can compare the dispersion degree for different average value. When C is small, the calculated average damping is very close to the true values no matter the is small or large. Meanwhile, the small standard deviation and coefficient of variation demonstrate the results have a slight fluctuations in the case of C G 0:1. It can be seen that our experimental result is closed to the case of C ¼ 0:1 and ¼ 0:05 in simulated analysis of error due to the diffuse reflection of the target in experiment. So the system stayed in weak feedback regime readily. If the target has high reflectivity, we can fine-tune the variable attenuator or change the parameter of self-mixing interference system to guarantee the weak feedback for obtaining higher accuracy.
Conclusion
A simple method that can measure damping microvibration and calculate damping factor in laser SMI has been proposed. By fringe-counting accurately, the experimental result with small coefficient of variation was obtained; meanwhile, the error caused by feedback strength C is also discussed. This SMI approach presents potential application prospects in precise vibration measurement and material property analysis.
TABLE 1
Influence of C on the calculation of Fig. 6 . The phase without feedback and the phase with feedback under different C.
